PHYSICAL REVIEW C

VOLUME 31, NUMBER 4

APRIL 1985

Test of advanced Faddeev calculations and search for three-body force effects
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Differential cross section and analyzing power of the breakup reaction 2H(p,pp)n have been mea-
sured in a kinematically complete coincidence experiment for two selected kinematical configura-
tions, the final state interaction and the collinear configuration with the neutron at rest in the c.m.
system. Faddeev calculations done with a code by Stuivenberg and in particular with a recent code
by Doleschall show good agreement with the data. Even in the collinear case which is assumed to be
most sensitive to effects of the three-body force, no influence of three-body forces is observed. Their
contribution therefore cannot exceed the experimental error of 2—3 %. The results indicate that
contributions from P and D waves as well as the tensor force are more important than effects from

a three-body force.

I. INTRODUCTION

The three-nucleon system is generally considered an im-
portant testing ground for the nucleon-nucleon potential
parameters as they are used in three-body Faddeev calcu-
lations. It is the simplest system with more than two nu-
cleons and phenomena, such as three-body force and off-
shell effects, which would not be observable in the interac-
tion between two nucleons that might appear here. Since
many recent Faddeev calculations (see e.g., Refs. 1-3)
show good agreement with the differential cross section
data, the present experiment was designed to be more sen-
sitive to more sophisticated potential parameter sets by’

(1) measuring in a kinematically complete configura-
tion, thus providing the maximum information about the
reaction;

(2) measuring the analyzing power in addition to the
cross section along the kinematical curve, since polariza-
tion observables usually are more sensitive to interference
effects;

(2) choosing selected kinematical situations such as the
final state interaction (FSI) and the collinear geometry;
and

(4) measuring with an experimental accuracy improved
over previous experiments.

The existence and manifestation of three-body forces in
low-energy nuclear physics has been a long-standing ques-
tion. The inclusion of a three-body force in calculations
of the binding energies of *He and *H and also the radius
of the triton appeared to improve the results consider-
ably,*—® whereas no indication of three-body force effects
in scattering experiments has been observed.

The collinear configuration, in which all three particles
in the exit channel move collinearly, and especially the
collinear situation in which in the c.m. system the neutron
is at rest and the two protons are symmetrical with
respect to the neutron, has been proposed on more intui-
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tive grounds’ to be most suited to search for three-body
force effects in the *H(p,pp)n breakup reaction. First cal-
culations of the Bochum group®’ confirmed this sugges-
tion by showing that such effects on the breakup cross
section are largest for the collinear situation. The predict-
ed size of the effects as compared to the two-body cross
section is up to 10% and the effects are distributed over a
larger region of the kinematical curve around the exact
collinearity point. Therefore, no pronounced and local-
ized effect from three-body forces is to be expected. In
the Bochum calculations comparatively simple two-body
potentials were used (the Malfliet-Tjon potential with S
waves only and the rank-one Yamaguchi form factor).
The aim of these calculations was to show the possible in-
fluence of three-body forces, and they cannot be expected
to give a quantitative comparison with the experimental
data. No Faddeev calculations with realistic two-body po-
tentials (e.g., with higher waves and including the tensor
force) supplemented by a three-body force exist so far.
Neither is there any prediction of three-body force effects
on polarization observables.

The present experiment was designed to allow a com-
parison of the data with two-body Faddeev calculations
for two kinematical situations, one of which was the col-
linear one where three-body force effects would show up
most strongly, the other one is the FSI configuration. The
FSI dominates the breakup process and therefore yields
relatively high cross sections. The p-n FSI is strongest for
those points on the kinematical curve for which the rela-
tive energy E,, between proton and neutron becomes zero
corresponding to a virtual deuteron d* (singlet deuteron).
The Bochum calculations®® predict a maximum contribu-
tion from three-body forces to the cross section of 3—4 %
for the FSI situation measured. Therefore this experiment
was planned to yield a statistical accuracy of the cross
section data well below this level, thus providing also for a
reasonably small absolute error of the analyzing power.

1112 ©1985 The American Physical Society



31 TEST OF ADVANCED FADDEEV CALCULATIONS AND. .. 1113

II. EXPERIMENT

The 2H(P,pp)n reaction was measured with polarized
protons from the Lamb-shift polarized ion source LASCO
(Ref. 10) and accelerated to 14.1 MeV by the HVEC FN
tandem Van de Graaff accelerator of the University of
Koln. The beam current from the source was 200—400
nA and on target 100—200 nA, the beam polarization
showed long-term variations between P,=0.60 and 0.76
(£0.03). The polarization direction was perpendicular to
the reaction plane and was switched periodically between
up and down in order to reduce experimental asym-
metries.

The target was a foil of deuterated polyethylene with a
thickness of about 100 ug/cm? with layers of 10 ug/cm?
of carbon evaporated onto both sides for better thermal
stability. The decrease of the deuterium content by beam
evaporation could be limited to about 13% in 10 h at a
beam current of 100 nA by rotating the target at about
1000 turns/minute.

The reaction products were registered by Si surface bar-
rier detectors, most of them cooled to below —20°C.
Their solid angles were 1.07+0.01 msr and they were
mounted at a distance of 260 mm from the target in an
ORTEC 2800 scattering chamber. The experiment was
kinematically complete, i.e., the two outgoing protons
were measured in coincidence in the reaction plane on ei-
ther side of the beam. The collinear and the FSI situation
were measured simultaneously with one detector at
0;=52.6°, ¢3=0°, the other at 6,=60.5°, ¢,=180° (ap-
proximate collinearity), and 6,=40.5°, ¢,=180° (FSI),
respectively. The collinearity could only be approximate
due to the construction of the scattering chamber. At the
angles chosen, E_ , of the neutron is not exactly zero but
has a minimum value of 0.5 keV which changes the col-
linear point into a collinear region. When defining the
end points of this collinear region by the condition, that
the angle 6,_3s between the particle 4 (one proton) and the
p-n subsystem be minimal, this region extends from
7=9.4 to 10.2 MeV. In view of the finite angular aper-
ture of the detectors, which also leads to an extended col-
linearity region, this procedure seems tolerable. The col-
linear situation was selected such that interference from
the quasifree scattering process was minimal; here the
minimum neutron energy in the laboratory system as-
sumes a value of 1.6 MeV.

The breakup cross section was normalized absolutely by
comparing the elastic proton scattering from *H with re-
sults from the recent literature.!! The beam polarization
was obtained simultaneously with the breakup reaction
measurement by measuring the elastic scattering of the
protons from '>C with two detectors at 6=160°, ¢=0°
and 180° and using the well-known analyzing power of
this scattering.!?13

Standard fast-slow coincidence electronics was used for
the measurements. The data in the form of energy and
time-of-flight difference spectra as well as an E3-E, ener-
gy matrix showing the kinematical curve were displayed
on line and stored on magnetic tape event by event as tri-
ples (E;, E,, At) for off-line data reduction. The time-
of-flight difference between the coincident protons was
used to discriminate against the accidental background

and reaction products from competing coincident two-
particle and breakup reactions.

Figure 1 shows the time-of-flight difference spectrum
of the collinear measurement as an example. It displays a
nearly constant background and two well-separated peaks,
one from the three-particle breakup, the other from a
two-particle coincidence of the reaction *C(p,p)!*C. The
background subtraction is done by setting a window in
this spectrum around the three-particle peak and a second
window in the region of the purely accidental events
which is chosen as wide as possible. In order to obtain the
true events the background, weighted with the ratio of the
two window widths, is subtracted from the measured
events. Figure 2 demonstrates the effect of this back-
ground reduction on the (E;-E,) energy matrix for one
measurement of the collinear case. Whereas in the upper
part of the figure the events on the kinematical curve are
obscured by two-particle reactions, they show up clearly
in the lower part, i.e., after background subtraction.

An additional procedure is possible if unwanted three-
particle and/or two-particle coincidences cannot be elim-
inated either in the two-dimensional energy spectrum or
in the time-of-flight difference spectrum. Here a “time
matrix” is calculated by plotting the experimental time-
of-flight difference against the time-of-flight difference
calculated for all reactions with the masses and energies
of the three-particle reaction investigated. In this matrix
different reactions cover different regions which allows
for a good separation of different reactions. This can be
used for particle identification instead of using detector
telescopes. In our case, however, this proved to be un-
necessary. The method was applied nevertheless because
it has the additional advantage to reduce the statistical er-
rors of the final data by reducing the time window width
for the true events when projecting the selected events in
the time matrix along a suitable direction.

Both methods together provide for a practically com-
plete background reduction. This is illustrated by Fig. 3
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FIG. 1. Time-of-flight difference spectrum for one measure-
ment in the collinear case. The left prominent peak is from the
three-particle coincidence.
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FIG. 2. (E;-E,) energy matrix of one measurement for the
collinear case with (bottom) and without (top) background
reduction. The solid line is the theoretical kinematical curve
which was calculated from energy and momentum conservation.

in which the distribution of all true events around the cal-
culated kinematical curve as a function of the distance
from this curve in the E3-E, plane, summed over the en-
tire arc length, is plotted. The peak with a width of
about 500 keV contains only true events which then were
projected onto the kinematical curve. For that purpose
the curve in the momentum plane, which is an ellipse, was
divided into sectors corresponding to equal angular inter-
vals Aw with respect to its center. The true events con-
tained in each sector were then projected onto the corre-
sponding segment of the curve. The relation between the
angular parameter and the energies E3,E, is given by

w=arctan(T3b/T4a), O0<w<2m,

with
T, V' E; X3 cosa sina
Ty |7 | |[VE: | |*4 —sina cosa

and (x3,x4): ellipse center; a,b: major and minor
semiaxes of the ellipse; and a: angle between a and the
V'E; axis. The cross section and the analyzing power are
thus obtained as a function of the angular parameter .
For a comparison with theoretical calculations these data
had to be transformed into functions of the arc length pa-

M. KARUS et al. 31

600 L

COUNTS

500 1

400 1 [‘

300 1 +

200 A ' o

100 E

0 -

~Cll.5 ~0.‘25 O.‘O 0.25 0.‘5 0.‘75 1.0 (MeV)

FIG. 3. Distribution of all true events around the kinematical
curve, summed up along this curve, for one measurement of the
FSI case. It is plotted as a function of the distance (in MeV)
from the theoretical kinematical curve in the E;-E, plane. 0
MeV designates the location of this curve.

rameter 7 in the energy plane. Because constant angular
intervals Aw do not correspond to constant arc length in-
tervals of the ellipse, this transformation leads to varying
arc length intervals A7 in the energy plane. Our results
are presented with the arc length parameter 7 running
clockwise with 7=0 being arbitrarily identified with the
minimum value of E; and the larger of the possible two
values of E,.

III. THEORETICAL CALCULATIONS

The Faddeev calculations for this comparison were of
two types. Stuivenberg’s code SASA 3 (Ref. 14) from
1976 was run in Bochum and Doleschall performed calcu-
lations with his 1983 code.!>!¢ Both codes are based on
the Alt-Grassberger-Sandhas formulation of the Faddeev
equations;!” they use separable potentials and take into ac-
count the Coulomb effect only perturbatively. The code
by Stuivenberg uses only S waves and therefore cannot
predict any vector analyzing powers. His form factors are
of the rank-two Yamaguchi-type:

Vs
(Bs+p?)
where S is the channel spin.
Doleschall’s code takes into account P and D wave in-
teractions in addition to S waves and a tensor force. For

each of these interactions a form factor of rank five of the
“realistic-type” was used

gs(p)=

L 5 1 k
giwsup)=—L—— 3 apy |——
! (14-Bip*)* k§1 b +BiLp?

The potential contained the following terms:'®

(a) three-term singlet S-wave interaction 'S;

(b) two-term triplet P-wave interaction 3Pg;

(c) one-term 'Py, 3P,, 3P,, 'D,, 3D,, and *D; interac-
tions;



(d) four-term tensor force 3§,->D, with a deuteron D-
state probability of 4% (deuteron quadrupole moment
Q0 =0.286 fm?, asymptotic D /S ratio Ap/Ag=0.0272).

The potential used reproduces the NN phase shifts up to
400—500 MeV. Table I shows the low-energy and
bound-state data of the two sets of potential parame-
ters.!6 18

IV. RESULTS AND DISCUSSION

Figures 4—7 show the experimental results. The abso-
lute differential cross sections were obtained from the ex-

pression

dio N Gmon | do
oy (D8l Bmen Do g )1 )
d Q3d ﬂ4d T Gcoinc N mon aQ elastic

Here {£§}=1{03,¢3,04,¢47,E,} is the set of parameters
which fully characterizes the variables of the kinematical-
ly complete three-particle experiment, Gy, and G, are
the geometrical factors of the two detectors in coincidence
and of the monitor detector, N {£} and N, are the coin-
cident and monitor detector yields, respectively, and
[do/dQ(Onon)lelastic 18 the known laboratory elastic
scattering cross section. The average was taken over spin
up and down runs with a polarized beam.
The analyzing powers obtained from the expression

Ay{g}zwp—l

NG +NYE

are plotted along the kinematical curve, i.e., as a function
of the arc parameter 7, both for the collinear and the FSI
case. In the collinear case the collinear region is located
around the arc parameter value of 7=9.8 MeV. The solid
curves in Figs. 4(a) and (b) and 5(a) and (b) are the results
of Faddeev calculations by Doleschall, whereas the curves
in Figs. 6 and 7 are predictions from calculations with the
Stuivenberg code.

TABLE 1. Scattering lengths, effective ranges, and deuteron
binding energy from potential sets of Faddeev calculations used
in this work.

Stuivenberg Doleschall
(Ref. 18) (Ref. 16)
Singlet 'Sy: ay, (fm) —7.82
@y, (fm) —16.99
ayp (fm) —23.78 —23.63
Fon (fm) 2.83 2.84
Fap (fm) 2.67 2.50
Triplet 3S;: @y (fm) 5.41 5.41
Fop (M) 1.76 1.76
Deuteron
binding
energy: €; (MeV) 2.226 2.225
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FIG. 4(a) and (b). Differential cross section (a) and analyzing
power (b) as a function of the arc parameter 7 for the FSI situa-
tion with 6;=52.6°, ¢;=0°, 6,=40.5°, and ¢,=180°. The solid
lines are the predictions by Doleschall (Ref. 16).

A. Differential cross section

The differential cross section was determined with an
overall error of 2—3 % combined quadratically from sta-
tistical errors, errors of the elastic cross section, and errors
of the geometrical factors of the detectors. The agree-
ment between the data and both types of Faddeev calcula-
tions is quite satisfactory. The FSI peaks are well repro-
duced and for the region between the peaks the calcula-
tions predict slightly higher values. The calculation by
Doleschall, however, reproduces this region slightly better
as can be expected due to the much more sophisticated
potential used. The indication of a small peak in this re-
gion is the result of the incomplete subtraction of a two-
particle coincidence.

In the collinear case the differences between the two
types of Faddeev calculations are larger. The shape of the
spectrum is well reproduced by both, but the absolute
magnitude is underestimated by Stuivenberg’s code espe-
cially in the region between the peaks, whereas the calcu-
lation by Doleschall is quite satisfactory.

B. Analyzing power

The magnitude of the measured analyzing power is
below 0.1 for the collinear as well as for the FSI case.
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FIGS. 5(a) and (b). Differential cross section (a) and analyz-
ing power (b) as a function of the arc parameter 7 for the (ap-
proximately) collinear situation with 6;=52.6°, ¢;=0°
6,=60.5°, and ¢4=180°. The collinear point is at 7=9.8 MeV,
the collinear region, as defined in the text, reaches from 7=9.4
to 10.2 MeV. The solid lines are the predictions by Doleschall
(Ref. 16).
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FIG. 6. Differential cross section as a function of the arc pa-
rameter 7 for the FSI situation together with the prediction
from calculations with the code by Stuivenberg (Ref. 18) (solid
line).
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FIG. 7. Differential cross section as a function of the arc pa-
rameter 7 for the (approximately) collinear situation together
with the prediction from calculations with the code by Stuiven-
berg (Ref. 18) (solid line).

The error of most data points is around 0.02. The analyz-
ing power seems to have more structure than the cross
section. The calculation by Doleschall agrees with the
data in the maximum value of 0.09 of the magnitude of
the analyzing power, but the dependence on the arc pa-
rameter 7 is reproduced only coarsely. Especially in the
FSI case, the comparison is not satisfactory since the
theoretical analyzing power is 0.03—0.06 below the mea-
sured one in a region where the error is only 0.02.

V. SUMMARY

Both types of Faddeev calculations with the codes by
Stuivenberg and by Doleschall are able to reproduce the
cross section data without any relative adjustment of ei-
ther. The results of Doleschall prove to be superior in de-
tail. This is true especially for the region between the FSI
peaks in the collinear and also in the pure FSI situation,
where due to the lack of dominant reaction mechanisms it
seems important to use more complicated potentials in-
cluding higher waves and a tensor force.

The analyzing power is not reproduced well and there-
fore appears, as expected, to be a more sensitive observ-
able than the cross section, and therefore also a more criti-
cal quantity to distinguish between potentials in Faddeev
calculations. The behavior of the analyzing power in the
FSI case suggests a search for modified parameter sets in
Faddeev calculations. On the experimental side measure-
ments of polarization observables even in three-particle
breakup reactions appear mandatory for future work on
the NN interaction, but with still higher accuracy.

As expected from the recent Bochum calculations in-
cluding a three-body force,®° no additional structure such
as a peak is visible in the data. The calculation by
Doleschall, i.e., without a three-body force is even able to
reproduce quite well the data in the sensitive region where
the Bochum calculations (which are not depicted in this
work) predict an increase of the cross section by the
three-body force. The data in this region are rather slight-
ly below the values calculated by Doleschall. Any contri-
bution from three-body forces must therefore be small,
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i.e., of the order of the error or smaller. An upper limit

for this contribution in our case for the most sensitive re- -

gion is thus 2—3 % of the two-body cross section.

On the other hand the calculations with Stuivenberg’s
code predict a cross section too small by about 15% as
compared with the data which would satisfy the predic-
tion of Refs. 8 and 9, but the comparison with
Doleschall’s results shows that this is due to the neglect of
higher waves and certainly not to three-body forces (see
also Ref. 7). ’

Since phase space regions without dominant reaction
mechanisms are most promising to search for three-body
force effects and these regions are also more sensitive to
higher contributions such as P and D waves and the ten-
sor force, only “advanced” Faddeev codes should be sup-
plemented by three-body potential terms.

The analyzing power also gives no hint to the existence
of three-body force effects. Nevertheless the question of
spin dependence of the three-body force remains open and
should be investigated theoretically.
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